Background and aim: The possibility of a potential mutagenic or carcinogenic action of chronic exposure to low concentrations of inhalational anaesthetics has been previously studied, with conflicting results. The purpose of this study was to assess whether occupational exposure to waste anaesthetic gases increases genotoxic risk. We examined peripheral lymphocytes from anaesthetists for both sister chromatid exchange (SCE) and for cells with high-frequency SCEs (HFCs).
The potential mutagenic or carcinogenic action of inhalation anaesthetics has been reported in several studies [1] [2] [3] [4] [5] . Operating room personnel are occupationally exposed to waste anaesthetic gases such as halothane, nitrous oxide, sevoflurane and isoflurane.
There are a number of techniques available to measure genetic toxicity of inhaled anaesthetics, such as the Ames Salmonella mutagenesis test and assays for structural chromosome aberrations, micronuclei (MN) and sister chromatid exchanges (SCEs). The Ames method is based on genetically altered strains of the bacterium Salmonella typhimurium. To grow, the special strains need the amino acid histidine unless the mutagen being studied induces a mutation allowing growth. In this test system, using a variety of bacterial strains and test conditions, nitrous oxide and isoflurane were not mutagenic 3 .
The determination of the frequency of SCEs and the number of cells with high-frequency SCEs (HFC) are considered to be sensitive indicators for detecting the genotoxic potential of mutagenic and carcinogenic agents [6] [7] [8] [9] . SCE is an S phase-associated repair process resulting in symmetrical exchanges between newly-replicated chromatids and their sisters. HFCs are usually defined as cells whose SCE frequency exceeds the 95th percentile of the SCE distribution in a pooled data set from control individuals 9 .
Although the exact molecular mechanism of SCE is unknown, it has been suggested that DNA damage and defective DNA repair may cause SCE. This repair process is carried out by homologous recombination (HR), with some contribution from the non-homologous end-joining repair (NHEJ) pathway. NHEJ repairs adjacent broken DNA ends with little or no requirement for extensive sequence homology, while the more accurate HR requires an intact homologous sequence (in a homologous chromosome or a sister chromatid) to effect repair [10] [11] [12] [13] .
Sardas and colleagues found an increased frequency of SCE in 67 individuals (anaesthetists, anaesthesia nurses and technicians) from the operating room exposed to unknown amounts of halothane and nitrous oxide compared with 50 controls 14 . Similar findings have been reported by others 15, 16 . In contrast, Husum compared operating room staff with nonexposed personnel and found no influence of the anaesthetics halothane or nitrous oxide 17 .
Proliferation Rate Index (PRI) is the average number of replications completed by the metaphase cells examined. PRI is calculated for cell kinetic analysis. Although the information about PRI is not indicative of genotoxic damage, it is useful in identifying exposure-induced alterations in mitogen responsiveness and/or the subsequent rate of cell division 18 .
Results of these studies focusing on the effects of long-term occupational exposure to inhalational anaesthetics are controversial 19 . Factors, such as the level and duration of exposure, biologic factors and protective measures taken vary in the different studies. In this study we aimed to minimize unwanted environmental variability in order to clarify the potential genotoxicity of waste anaesthetic gases. The Ames and SCE tests have different endpoints for detecting mutagenicity. Although both examine alterations in DNA, in some cases the Ames test was unable to detect mutagens, which later proved to be mutagenic or to interact with DNA of mammalian cells 3 . It was suggested that the cells with highfrequency SCEs (HFC) represent a long-living lymphocyte subset which has accumulated SCEinducing lesions over several years 20, 21 . Therefore, the evaluation of HFC seems to be more useful for assessing the effect of chronic exposure to genotoxins. We therefore used both SCE and HFC analysis in our study.
MATERIAL AND METHODS
The study was conducted after obtaining approval from the Local Ethics Committee at the University Hospital of Trakya, and was based upon International Programme on Chemical Safety guidelines for the monitoring of genotoxic effects of carcinogens in humans 17 .
One hundred and ten subjects were surveyed for this study. Each subject was interviewed using a standardized questionnaire with questions on drug intake, contraception, diseases and vaccinations during the previous three months, intake of alcohol or caffeine, indoor/outdoor pollutants, sunlight exposure, time of menstrual cycle, presence of known inherited genetic disorders, family history of cancer, recent exposure to dental or medical X-rays, and use of non-prescription medicine including naturopathic substances.
We excluded 78 subjects who had been taking drugs, had been exposed to radiation for diagnostic or therapeutic purposes in the six months before the study, or had any chronic disease or inherited genetic disorder. Also, subjects were excluded if they had previously worked in nuclear medicine, radiology, radiation oncology, or units responsible for disinfection and sterilization, since all these occupations are suspected of genotoxic hazards. A sex-and agematched group of 16 anaesthetists (exposure group) and 16 physicians (control group) was chosen to minimize the risk of unwanted environmental variability. All were in general good health. In this study, the menstrual cycles of all women were regular and in progestogenic stage. All were non-smoking (active or passive) medical practitioners working in our hospital.
All subjects had very similar lifestyles, medical histories, biological and dietary factors. However, only anaesthetists had occupational exposure to anaesthetic agents (sevoflurane, isoflurane, halothane, nitrous oxide) and this was for a minimum of two months full-time work prior to the study.
The operating rooms have air-conditioning, with a ventilation rate of at least ten air changes per hour, a high-flow scavenging system and low leakage anaesthesia machines and preventative maintenance.
Cytogenetic Methods
Blood samples were taken from exposed and control subjects, and the laboratory analyses performed in a random order. SCE and HFC analyses were performed according to routine techniques 17 . Briefly, the 0.2 ml of heparinized blood samples were cultured for 72 h at 37°C with RPMI-1640 (Seromed-Biochrom KG., Berlin, Germany), 25% foetal calf serum (Biochrom KG., Berlin, Germany), 1.3 ml of 200 mM L-glutamine (Biochrom KG., Berlin, Germany), 2% phytohaemagglutinin M (Biological Industries., Beit Haemek, Israel), 5.000 mg/ml streptomycin and 5.000 IU/ml penicillin (Bio-Whittaker, Belgium) containing medium. At 24 h, 0.5 µg/ml 5'-bromo-2-deoxyuridine (Sigma Chemical Co., St. Louis, MO, USA) was added to the medium and it was incubated in the dark. To prevent a sunlight effect, the culture tubes were covered with aluminium foil.
Colcemid (Biochrom KG, Berlin, Germany) was added to the medium to a final concentration of 3 x10 -7 mol/l during the last 2 h. Chromosome preparations were obtained following hypotonic treatment in 0.075 M KCl and fixation in a 1:3 acetic acid/methanol mixture (Merck, Darmstadt, Germany) and a standard harvest procedure was performed. After air-drying, slides were treated with bisbenzimide (Sigma Chemical Co., St. Louis, MO, U.S.A.) and ultraviolet light. Bromodeoxyuridineincorporated metaphase-chromosomes were stained by differential staining by Giemsa technique as described by Wolff and Perry 22 . The slides were examined using an Olympus BX-50 microscope (Olympus Optical Co. Ltd., Tokyo, Japan) and a Spot RT colour digital camera (Diagnostic Instruments Inc., Sterling Heights, MI, U.S.A.). A total of 20 well-spread metaphases were evaluated in exposed and control groups. Only welldifferentiated metaphases with a full complement of 46 chromosomes were accepted for scoring. The method of scoring was consistent with the criteria of Bloom 23 . Terminal deletions and exchanges at the centromere were scored as one exchange, excepting ambiguous exchange-like events from chromatid twists about the centromere. Interstitial SCE were scored as two exchanges, excepting very small interstitials (dot-like) which were scored as one event.
The samples were coded and assayed without knowledge of subject identity with respect to exposure status to guarantee identical handling of samples from both exposed and control subjects. We examined our SCE data and HFC in the manner suggested by Moore and Carrano 9 .
The percentage of HFC for each individual was estimated using the pooled distribution of all SCE measurements. Cells with a SCE count above the 95th percentile of the cell population were identified as HFC. HFC frequency was determined separately for both the exposed and control subjects.
PRI can be calculated as follows: PRI=(M 1 + 2M 2 +3M 3 /100). The number of cells in the first division metaphases (M 1 ), second division metaphases (M 2 ), third and subsequent division metaphases (M 3 ) were counted in 100 metaphases.
Statistical Analysis
Based on data from previous reports 24 , the intention was to detect a difference between groups of 1.5 SCE per subject (SD 1.3 SCE per cell), when scoring 20 metaphases per subject. An α-error of 5%, and a minimum power of 85%, suggested a study population of 15 subjects (Minitab release :13 for Windows, Licence number: WCP1331.000197) would be appropriate.
Group characteristics were compared with Chisquared and t-tests. Statistical significance of HFC, SCE between groups was analysed using Multivariate Analysis of Covariance (MANCOVA), along with inclusion of important covariates (duration of working in hospital, age, weight, height and body mass index).
RESULTS
The studied groups were matched for possible confounding factors and there was no significant difference in baseline factors between the groups (Table 1) .
There was no significant difference between SCE, and HFC obtained from the anaesthetist and control groups (P>0.05) ( Table 2 ). We found that confounding factors (duration of working in hospital, age, weight, height and body mass index) did not affect SCE or HFC (P>0.05). The PRI diminished in the control group and revealed faster proliferative kinetics compared to the anaesthetist group ( 
DISCUSSION
Although eliminated rapidly from the body due to low solubility in blood and tissue, anaesthetic gases have been reported to be neurotoxic, hepatotoxic or carcinogenic [25] [26] [27] . Effects on fertility, an increased incidence of spontaneous abortion and congenital abnormalities have also been reported 28, 29 . Chronic exposure to low concentrations of anaesthetic waste gases may result in adverse health effects on occupationally exposed subjects.
The most often studied genotoxicity endpoints are structural and numerical chromosomal aberrations assessed using cytogenetic methods (classical chromosomal aberration analysis (CA), fluorescence in situ hybridization, micronuclei (MN)); DNA damage adducts (strand breaks, cross-linking, alkalilabile sites) assessed using biochemical/electrophoretic assays or SCE; protein adducts; and hypoxanthine-guanine phosphoribosyltransferase mutations. An increase in CA frequency in the operating room personnel 15, 17, 20, 29, 30 and an increase in MN 31, 19 has been reported. Hoerauf and colleagues found that exposure to even low concentrations of waste anaesthetic gases may result in an increased risk of genetic damage 32 . Hoerauf and colleagues had found that exposure to nitrous oxide and subanaesthetic concentrations of isoflurane can produce genetic damage in peripheral lymphocytes in vitro 6 . SCE analysis in peripheral blood lymphocytes is a well established technique aimed at evaluating human exposure to toxic agents 33 . Despite the uncertainty surrounding the mechanism and the biological significance of this assay, its sensitivity and reliability have made SCE analysis one of the most popular methods in toxicology and human biomonitoring 20 .
HFCs take into account cells with a high frequency of SCE observed during the standard scoring. Some authors have postulated that HFCs should therefore increase the sensitivity of the SCE analysis and may represent a more sensitive criterion for assessment of exposure than mean SCE values 20, 34, 35 . The real nature of HFCs is still unknown. Some authors have postulated that HFCs could represent a subpopulation of DNA repair-deficient lymphocytes [36] [37] [38] [39] . Alternatively, HFCs may represent a subpopulation of longer lived lymphocytes which have an increased likelihood of accumulating a larger number of lesions during the G0 phase in vivo, thus showing a predisposition to SCE 40 .
We therefore used both SCE and HFC analysis in our study. It can be inferred that HFCs, although initially more damaged, may succeed in removing most SCE-inducing lesions over cell cycles. An adaptive response could be involved or inducible repair mechanisms may be involved 41, 42 . It has been reported that bacteria and mammalian cells exposed to low levels of mutagens become less susceptible to the effect of treatment with higher doses 42 .
We could not identify other factors associated with SCE, and the HFC. Some researchers have suggested that women may be more susceptible to environmental carcinogens at certain times of their menstrual cycle, when their genetic material is at a more sensitive stage 21 , but a recent report did not find sex as a confounding factor for SCE frequency 6 . In our study, the correlation between sex and the SCE frequency, together with HFC in exposed and referent groups was not significant. The reason for this may be that all women in our study population were in same stages of their menstrual cycles during blood sampling.
It has been suggested that when monitoring occupational exposure, it should be taken into consideration that cigarette smokers have increased SCE 6,21 . Sardas and colleagues found an increased frequency of SCE in 18 anaesthetists (smokers and nonsmokers) exposed to unknown amounts of halothane and nitrous oxide compared with 18 controls (smokers and non-smokers) 14 . However, smoking rates differed significantly in anaesthesia technicians and nurses. A significant difference in the mean number of SCEs was not found between smoking and non-smoking anaesthetists. This supports the importance of minimizing the risk of unwanted habitual variability (smoking), as in our study.
The prevalence and significance of genotoxicity related to waste anaesthetic gas exposure is uncertain but there is general agreement that occupational exposure should be kept a minimum, ideally below recommended limits. Our findings suggest that, in our practice, with operating rooms with sufficient airconditioning, a high-flow scavenging system, low leakage anaesthesia machines and well maintained equipment, long-term occupational exposure to waste anaesthetic gases may not result in an increased risk of genetic damage. It is possible that the exposure in these circumstances is low. It should also be noted that some anaesthetic gases produce lesions that can be efficiently repaired in mitogen-stimulated lymphocytes in vitro but not in circulating lymphocytes 9 . Thus, despite our apparently reassuring results, we would still recommend anaesthesia practices designed to minimize environmental concentrations of anaesthetic gases.
